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Interest in a plasma containing microparticles has
increased considerably in recent years. Such a plasma
is called a complex plasma or dusty plasma (see, e.g.,
[1]). First, complex plasma is of interest due to its great
abundance in nature. Interstellar clouds, gas–dust
clusters, planetary rings [2], comet atmospheres, and
the ionospheres [3] and magnetospheres of planets
(e.g., noctilucent clouds in the Earth’s ionosphere [4])
are complex plasmas to a certain extent. Second, the
possibility of observing the behavior of a single micro
particle provides the most detailed kinetic description
of the properties of the ensemble of dust particles.
Owing to these circumstances, dusty plasma is an
attractive tool for studying various fundamental phys
ical problems such as phase transitions [1], hydrody
namic instabilities [5], etc.
Under laboratory conditions, a complex/dusty
plasma is usually obtained by introducing microparti
cles into a weakly ionized gasdischarge plasma of
lowpressure inert gases. The recombination of elec
trons and ions on the surface of dust particles gives rise
to the fast charging of the particles; the charge value
depends on the size of a particle and the plasma
parameters; for example, a 1μm particle under a
microwave discharge in argon acquires a negative
charge of Zd ~ 103e, where e is the elementary charge.
Such a large charge of the microparticle often results
in the strong nonideality of the dust component,
which can be in various phase states, i.e., can be man
ifested as a gas, liquid, or crystal (see, e.g., [1]). The
pair interaction between microparticles is of key
importance in these processes. The interaction
between microparticles in complex plasma is usually
described by a screened Coulomb potential (Debye–
Hückel or Yukawa potential)
(1)
where r is the distance between the particles and λD is
the screening length. The particle interaction poten
tial was experimentally determined by analyzing the
trajectories of colliding microparticles only in [6],
where this potential appeared to be close to the
Yukawa potential. At the same time, there is a theoret
ical method for reconstructing a pair interaction
potential from a pair correlation function [7–9]. This
method was successfully applied to simple liquids [10]
and metals [11] and continues to be used to construct
model potentials for various media [12]. However, it
has a number of disadvantages discussed below. Never
theless, it is of interest to use it to reconstruct the
potential in complex plasma, which, in contrast to
other media, is confined by a trap field, and to deter
mine at which plasma parameters reconstruction is
generally possible.
In this work, the effect of the confinement on the
radial density of microparticles g(r) (i.e., pair correla
tion function) and on the effective pair potential
reconstructed from g(r) is investigated using the
molecular dynamics simulations. For simplicity, we
consider a twodimensional system of particles whose
interaction is described by the Yukawa potential. In
this case, g(r) is determined by the formula
(2)
U r( ) Zd/r( ) r/λD–( ),exp=
g r( ) S
N2
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Here, S is the area of the system under investigation,
N is the number of particles, and the angular brackets
mean averaging over the ensemble. In the case of
numerical simulation, this is averaging over the quasi
equilibrium configurations generated by the molecular
dynamics simulations [13]. Note that the pair correla
tion function can be easily measured in the experi
ments with complex plasma. Then, using the depen
dence g(r), the inverse problem is solved (see, e.g., [9])
and the particle interaction potential is reconstructed.
As shown below, for the inverse problem to be solv
able, the interaction between the particles should be
weak; i.e., the complex plasma should be in a weakly
nonideal state. This means that the coupling parame
ter (coupling) of the dust subsystem is Γ ≡
( /ΔT)exp(–κ) ~ 1, where T is the kinetic tempera
ture of the microparticles, Δ is the mean interparticle
distance, and κ = Δ/λD is the structure parameter. For
the twodimensional case, Δ = (S/πN)1/2. Hereinafter,
temperature is given in energy units.
For simplicity, it is accepted that all of the micro
particles have a fixed charge of Zd ~ 3 × 10
3e and the
pair interaction between dust particles is described by
the screened Coulomb potential with the structure
parameter κ  1–3 typical of experiments with com
plex plasma. The equations of motion
(3)
were solved for N = 4000 microparticles with mass m
in the twodimensional geometry (planar monolayer).
The terms on the righthand side of Eq. (3) describe
the interaction of the microparticles with the confin
ing electric field (∇Φc); the electrostatic interaction
between the dust particles; the drag of the microparti
cles due to collisions with neutral atoms and molecules
of the buffer gas; and Li describes the Langevin force
(thermal noise induced by neutral particles), which is
determined from the equation
(4)
under the condition  = 0. We used periodic
boundary conditions at the lateral edges (x = {0, Lx});
in the transverse direction (y = {0, Ly}), the micropar
ticles are confined by the confinement potential,
which is either a parabolic potential (Φc(y) ∝ (y –
Ly/2)2) or an hard wall potential (Φc(y) ∝ exp((y –
Ly)/Δw) at y > Ly and Φc(y) ∝ exp(–y/Δw) at y < 0,
where the spatial scale Δw specifies the stiffness of the
wall; in these calculations, we used Δw  Δ/3).
Figure 1 shows the pair correlation function g(r) for
two confinement types and for the coupling parame
ters Γ = 1, 3, and 10. It is seen that confinement
noticeably affects the pair correlation function g(r) at
these coupling parameters Γ. This effect appears
because the interparticle distance in the parabolic
potential is minimal in the center of the system (y 
Zd
2
mr··i Zd∇Φc– Zd ∇U∑– mγr· i– Li+=
Li t( )Lj t τ+( )〈 〉 2γmδi jδ τ( )=
Li t( )〈 〉
Ly/2) and increases when approaching the boundaries
(y  {0, Ly}). At the same time, the interparticle dis
tance in the case of the hard wall remains unchanged
in the bulk and decreases noticeably only near the
boundaries. Therefore, the density of the microparti
cles and the density distribution are different for dif
ferent confinement types. Note that this effect was
pointed out in [14].
The pair correlation function g(r) can be used to
reconstruct the particle interaction potential, because
it can be represented in the form (see, e.g., [15])
(5)
Here, U(r) is the pair potential and ω is the socalled
thermal potential, which is a functional of g(r) indicat
ing by the curly brackets and can be expressed in terms
of the sum of irreducible Mayer diagrams. One of the
methods for calculating g(r) is based on a change of the
exact functional to an approximate function
ω({g})  ω(g). This trick underlies the method of
integral equations of the theory of liquid [13, 15]. In
this case, the equation relating g and ω is called the
closure equation (or closure). Note that in addition to
g(r), the direct correlation function c(r) is introduced;
it is related to h(r) = g(r) – 1 through the Ornstein–
Zernike equation [13]
(6)
Here, the symbol  stands for convolution. The closure
equation can be obtained from the Mayer expansion in
the form
(7)
g r( ) U r( )/T–( )exp ω g{ }( ).+=
h r( ) c r( ) h  c( ).+=
ω r( ) h r( ) c r( )– B h r( ) c r( ),[ ],+=
Fig. 1. Pair correlation function g(r) calculated by the
molecular dynamics simulations for the coupling parame
ters Γ = 1, 3, and 10 and for the (dotted lines) parabolic
confinement and (solid lines) elastic hard wall.
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where B is the socalled bridge functional, which is
replaced by some approximate function. Equations (5)–
(7) constitute a system of integral equations, which is
solved by iterations. According to Eq. (5), the solution
of the inverse problem is trivial if the bridge functional
B (and, correspondingly, ω) is known. In this case, the
potential is given by the expression
(8)
For sufficiently low particle densities n, Eq. (8) can
give the actual potential, because in the limit n  0,
(9)
In this case, the effect of the thermal potential ω(r) is
weak. However, as the density increases, the effect of
the thermal potential begins to prevail and this domi
nance results in an evidently incorrect form of the
potential [17] reconstructed by Eq. (8). In addition,
note that except for the case of a very rarefied gas,
g(r) = 0 in a certain segment r < r0, where r0 is some
finite distance. For this reason, Eq. (8) is obviously
inapplicable for these r values.
To overcome the problem of high densities, an iter
ative solution method based on Eq. (8) was proposed,
which is formulated as follows [7]. At the first step,
ω(r) = 0 is taken. Using the correlation function gex(r)
known from the measurements or simulation, the ini
tial potential is constructed in the form
(10)
Using U0, a new correlation function g0 is calculated
by numerical simulation, the molecular dynamics
simulations, or the Monte Carlo method. Applying
Eq. (8) to g0, the thermal potential can be obtained at
the next step in the form
(11)
After the substitution of ω1(r) into Eq. (5), we obtain
(12)
In the general case [7], the pair potential U(r) at the
(k + 1)th step is given by the expression
(13)
where gk is the pair correlation function at the kth step
that is obtained by the numerical simulation of the sys
tem of the particles whose interaction is described by
the pair potential Uk. The iterations are terminated
when the necessary accuracy is achieved:
< .
Note that a more complicated procedure similar to
Eq. (13) was considered in [8], where the initial ther
mal potential ω0(r) was taken to be the thermal poten
tial in the system of hard spheres. This choice of the
thermal potential is based on an idea that highdensity
liquids are described by a single universal functional
[8, 15]. As a result, terms associated with the direct
U r( )/T ω g r( ) c r( ),( ) g r( )( ).ln–=
g r n T, ,( ) U r( )/T–( ).exp
U0 T gex r( )[ ], ω0 r( )ln– 0.= =
ω1 r( ) g0 r( )( )ln U0 r( )/T.+=
U1 r( ) U0 r( )/T T gex r( )/g0 r( )[ ].ln–=
Uk 1+ r( ) Uk r( ) T gex r( )/gk r( )[ ],ln–=
Uk 1+ Uk–
correlation function c(r) varying in iterations appear in
scheme (13). Since c(r) is uniquely related to g(r) by
the Ornstein–Zernike equation, the presence of c(r)
does not change scheme (13) and makes it possible to
accurately control iterations.
In the general case, the functional B(r), as well as
ω(r), is not uniquely reversible. Therefore, different
potentials can give the same function g(r) [18, 19].
Despite the possible indeterminacy of the inverse
problem, the methods proposed in [7, 8] are actively
used to reconstruct the interaction potential in real
systems [9–12].
Scheme (13) was used to calculate the interaction
potential in complex (dusty) plasma [20] with the pair
correlation function g(r) determined from the experi
ment. In the mentioned experiment, the dust compo
nent was in a strongly nonideal state, where the cou
pling parameter varied in the range Γ  30–50. In par
ticular, it was shown in [20] that the feature of the
reconstructed pair potential is the presence of attrac
tion.
It was thought that one of the possible causes of the
indicated attraction can be the confinement field,
which is usually parabolic in the dusty plasma. The
electric confinement field confines negatively charged
microparticles in the volume of the gasdischarge
plasma. It is worth noting that the system in the exter
nal field is generally inhomogeneous; i.e., g(r) is a
function of the distance between two particles for a
homogeneous system and a function of the coordi
nates of each particle for an inhomogeneous system
(in the external field) (see, e.g., [13, 17]). However, if
the form of this external field (the confinement field in
our case) is such that the field is noticeably nonzero
only near the wall of the cell, this system inside the
confinement can be considered as homogeneous.
Following Eq. (13), the pair correlation functions
presented in Fig. 1 were used to determine the pair
particle interaction potential. Figure 2 shows the
reconstructed pair potentials for two confinement
types under consideration (parabolic confinement
and elastic hard wall) and for various coupling param
eters Γ. Note that the reconstructed potential for both
confinement types contains weak attraction whose
efficiency decreases with a decreasing coupling
parameter Γ. The strong difference of the recon
structed potentials from the initial potential appar
ently means the impossibility of such a reconstruction
at least for the coupling parameters Γ > 1. However, for
the case of weak interaction (Γ ≤ 1), the method under
consideration provides a potential close to the initial
potential for the hard wall confinement, because this
potential does not give an inhomogeneity in the sys
tem. At the same time, the electric field induced by the
parabolic confinement gives rise to the inhomogeneity
of the particle density (along the y axis in our case). In
this case, the reconstructed potential is also strongly
different from the initial potential.
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The effect of the confinement potential on the pair
correlation function g(r) for strongly and slightly non
ideal Yukawa systems has been investigated by the
molecular dynamics simulations. It has been shown
that the confinement potential strongly affects g(r) in
the considered coupling parameter range Γ ~ 1–10.
The resulting function g(r) has been used to solve the
inverse problem of the reconstruction of the particle
interaction potential. The reconstructed potentials are
significantly different from the initial (Yukawa) poten
tial and this difference increases with the coupling
parameter Γ; for this reason, the reconstruction of the
potential in complex plasma for Γ > 1 is impossible.
For Γ ≤ 1, the effective pair potential can apparently be
reconstructed if the confinement potential does not
lead to a strong inhomogeneity of the system of parti
cles.
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types and various coupling parameters Γ in comparison
with the initial particle interaction potential (Yukawa
potential).
